Background: The 148 species of kissing bug include important vectors of the debilitating, chronic, and often fatal Chagas disease, which affects several million people in Central and South America. An understanding of the natural hosts of this speciose group of blood-feeding insects has and will continue to aid ongoing efforts to impede the spread of Chagas disease. However, information on kissing bug biology is piecemeal and scattered, developed using methods with varying levels of accuracy over more than 100 years. Existing host records are heavily biased towards well-studied primary vector species and are derived from primarily three different types of observations, associational, immunological or DNAbased, with varying reliability.
We here gather a comprehensive and unparalleled number of sources reporting host 23 associations via rigorous targeted searches of publication databases to review all known natural, 24 or sylvatic, host records including information on how that record was collected. We integrate 25 this information with novel host records obtained via attempted amplification and sequencing of 26 a ~160 base pair (bp) region of the vertebrate 12S mitochondrial gene from the gastrointestinal 27 tract of 64 archival specimens of Triatominae representing 19 species collected primarily in 28 sylvatic habitats throughout the southern U.S. and Central and South America during the past 10 29 years. We show the utility of this method for uncovering novel and under-studied groups of 30
Triatominae hosts, as well as detecting the presence of the Chagas disease pathogen via 31
Polymerase Chain Reaction (PCR) of a ~400 bp sequence of the trypanosome 18S gene. 32 33
Findings: 34
New host associations for several groups of arboreal mammals were determined 35 including sloths, New World monkeys, coatis, arboreal porcupines and, for the first time as a 36 host of any Triatominae, tayras. A thorough review of previously documented sylvatic hosts, 37 organized by triatomine species and the type of observation (associational, antibody-based, or 38
Introduction 47
Triatominae, or kissing bugs, are blood-feeding members of the primarily predatory 48 insect family Reduviidae (Order Hemiptera). This subfamily consists of 148 described species, 49 nearly all distributed in the Americas, though several species occur in the Oriental region and 50
Triatoma rubrofasciata (De Geer) is considered invasive throughout the tropics [1,2]. These 51 insects are the sole vectors of Trypanosoma cruzi Chagas, the parasite responsible for Chagas 52 disease. Chagas disease is a chronic debilitating disease, prevalent in Latin America, and 53 affecting up to 10 million people worldwide [3] . There is no vaccine or effective cure once the 54 symptoms of the chronic disease have manifested and the disease has been termed an emerging 55 threat of the 21st century [4, 5] . 56
Most kissing bug species are suspected to be oligo-or polyphagous across a broad range 57 of wild mammal and other vertebrate species [6, 7] . Many Triatominae hosts are sylvatic 58 mammals, but domestic mammals such as dogs, cats, and rodents can also be fed upon upon and 59 act as reservoir hosts of the parasite [8] . Generalist kissing bug species also tend to feed on 60 humans, e.g., Triatoma infestans Klug and Rhodnius robustus Larrousse, that can exhibit 61 infection rates with T. cruzi higher than 40% [9, 10] . Some triatomine species will target certain 62
hosts if available and avoid other potential blood meal sources [1] . Cavernicola pilosa Barber 63 appears to only feed on bats [11, 12] 
, while Triatoma delpontei Romana and Abalos and 64
Psammolestes Bergroth species are usually found in association with various birds [11, 13] . In 65 addition, there are reports of some kissing bug species feeding on other arthropods [14] [15] [16] or 66 exhibiting cleptohemophagy by feeding on other engorged kissing bug individuals [17] . The 67 extent of both of these behaviors in a natural environment and for the great majority of kissingpotential host species, experimenters infer direct host associations. Precipitin tests have 92 continued to be a popular way to detect host antigens in Triatominae blood meals [28] [29] [30] Despite the importance of identifying reservoir hosts of Chagas disease and the biology 116 of its vectors, most studies have focused on known primary vector species. These studies most 117 often targeted domestic or peridomestic habitats where the transmission risk to humans is 118 considered higher (e.g., [36, 37] ). In addition, most previous DNA-based studies have surveyed 119 narrow geographic areas, with several focusing on North America, and have used only live or 120 very recently preserved specimens. A comprehensive overview of triatomine-host associations 121 that specifies the method through which the record was obtained and allows for assessing the 122 reliability of the record is yet unavailable. Our study therefore has three objectives: 1) to 123 contribute to the growing knowledge base of host associations across Triatominae, we conducted 124 PCR of gastrointestinal contents extracted from 19 species of Triatominae from a range of 125 localities (Bolivia to U.S.); most specimens were collected in sylvatic habitats using light traps 126 and the sample comprises rarely encountered kissing bug species; 2) to determine the feasibility 127 of assessing host associations and trypanosome infection for archival kissing bug specimens that 128 have been preserved in ethanol for up to 10 years, we conducted PCR-based identification of 129 host sequences and trypanosomes for 64 specimens; 3) to establish currently documented 130 sylvatic host associations, we conducted a thorough literature review for all species of 131 Triatominae while recording the method used to determine that association; host patterns and 132 gaps in our current knowledge were visualized in phylogenetic context for both kissing bug 133 blood meals via PCR on each of our extracts. We were not able to achieve consistent, acceptably 171 broad or specific results for several sets of previously used primers listed in Table 1 (all those  172 listed without asterisks). These primers amplified the corresponding DNA sequence of certain 173 species of Triatominae or did not amplify DNA that should be present based on the results of 174 other primer sets. We found that the "Kitano" 12S primers [38] yielded the most consistent and 175 the greatest number of amplified bands across samples among the primer sets tested and this is 176 the only primer set for which we present results. If samples yielded multiple bands after 177 electrophoresis on 1% agarose gels, they were gel extracted using QIAquick Gel Extraction kit. 178
If samples extracted from insects containing a large volume of blood did not result in bands after 179 PCR, the extract was diluted 1 in 10 and PCR was conducted again to ensure that a PCR-180 inhibitor from the blood meal was not present (e.g., approach successful with sample UCR_ENT 181 extracts (Table 1; [39]). PCR conditions consisted of an initial denaturation step of 94˚ C for 5 183 minutes, denaturation at 94˚C for 30 seconds, the annealing temperature listed in Table 1 Purification, sequencing and analyzing: All PCR products were cleaned using SureClean 188 (Bioline) before sequencing using the Macrogen EZ-Seq service. Once sequences were obtained, 189 the program Sequencher was used to process chromatographs. Blastn was then used to compare 190 sequences to the GenBank database. Sequences of the 12S gene were considered to be derived 191 from the same species as the closest match represented in GenBank only if they were 100% 192 identical and most or all other members of that genus were also represented and differed in 193 sequence (e.g. sequences KX779919, 100% to Choloepus didactylus, and KX779929, 100% toLagothrix lagotricha) or to an even higher level (e.g., sequence KX779938, 100% to Mustela 196 kathiah and classified as Mustelidae sp.). When multiple members of a genus were represented 197 in GenBank, but none matched 100%, we classified our sequence to that genus if it was more 198 than 98% identical to one member of the genus and closer to other members of that genus than to 199 any other genus (most sequences, e.g. sequences KX779920 98. for which molecular data are currently unavailable to this backbone phylogeny using information 216 on morphological similarities from [6] .name of all the 148 currently recognized Triatominae species and surveyed results for literature 219 records of host associations. For all matches, we assessed titles and abstracts for the inclusion of 220 information on host associations and if we determined that they may include relevant 221 information, we scrutinized the publication for the record of the host association and the type of 222 method with which it was achieved. For a few widely studied organisms with an extremely high 223 number of matching publications (e.g., Triatoma infestans, Rhodnius prolixus), we limited our 224 searches with additional target words such as "host" or "association" to increase the feasibility of 225 surveying all relevant results. Every attempt was made to find the primary source of a host 226 record but occasionally, we resorted to using a source that also included a review of other 227 sources and for which the source of the record was unclear and may be either primary or 228 secondary. We limited the inclusion of host records to evolutionarily relevant host species by 229 excluding laboratory results or host associations of exclusively domestic animals such as dogs, 230 chickens or other farmed animals due to the unnatural presence of these hosts. An exception was 231 made for domestic rodents, including mice and rats, that also occur in natural environments. Host 232 taxa were divided into major groups with all arthropods, amphibians, birds and reptiles each 233 comprising a single group and the remaining mammals split primarily by order with some 234 exceptions (suborder level for xenarthrans, superfamily level for primates and rodents, family 235 level for carnivores) 236
Results and Discussion 237
Of 64 total specimens tested (38 males and 26 females), we were able to determine a host 238 association for 24 specimens (37.5%) with a maximum of a single host determined per specimen. 239 categories 2-4), 18 or 64.3% gave positive host results, compared to 2 or 7.1% of those observed 241 without visible blood (category 1) in the digestive tract for which we obtained a host sequence. 242
Specimens with observable blood but without amplifiable host DNA may represent samples with 243 DNA degraded beyond allowing for amplification with primers targeting the ~160 bp region of 244 the 12S gene. Alternatively, it is possible that the Kitano 12S primers do not amplify 12S 245 sequences from certain hosts, though they were designed based on sequences from divergent 246 vertebrate sequences from sharks to fish to reptiles to amphibians and mammals (Kitano 2007) . 247
Of the 24 specimens with host determinations, 17 or 70.8% were male, a heavily skewed ratio. 248
Similarly, of the 28 specimens with visible blood in the digestive tract, 21 or 75% were male. We 249 speculate that blood-fed males may be more predisposed to dispersing in flight while searching 250 for mates and thus be more susceptible to light traps. In contrast, females may be stationary after (Table 2) , all of which were previously known to be capable of hosting the parasite [7] . 261 We did not see evidence of double peaks in our chromatographs and direct sequencing 266 always resulted in a single, uncontroversial host sequence, similar to results from other studies 267 conducted using similar primers [49] , but in contrast to other studies where cloning of the PCR 268 product was performed and as many as four hosts were detected from a single specimen [50] . for that species. The tayra record represents the first record of any Triatominae species feeding 292 on this species. We recovered several new host records for New World monkeys, apart from the 293 two species identified for P. geniculatus, including Cebus sp. And Saimiri sp., Ateles sp., and(n=3), respectively. These all represent the first New World monkey hosts recorded for those 296 species except for T. dimidiata which has been previously noted as possessing antigens reacting 297 to antibodies developed for detecting New World monkey specific proteins. Our new host 298 records also included the arboreal porcupine genus Coendou for P. rufotuberculatus, coati 299 (Nasua sp.) for R. prolixus (n=1) and a sequence with the closest match to a kinkajou (Potos sp.) 300 but only determined to the level of Procyonidae for Triatoma dispar Lent (n=1), all new animal 301 groups for those species. The prevalence of arboreal mammals among our new host records may 302 reflect the inaccessibility of these habitats for gathering associational observations or absence of 303 antigens targeting these taxa in previous studies. Potentially, these under recognized groups of 304 hosts play a more prominent role in sylvatic cycle of T. cruzi than has been previously 305 understood .  306   307   308   309 311  312  313  314  315  316  317  318  319  320  321  322  323  324  325  326  327  328  329  330  331  332  333  334  335  336  337  338  339  340  341  342  343  344  345  346  347  348  349  350  351  352  353  354  355  356  357  358  359  360  361 As a result of our literature review, we were able to detect some patterns that have not 375 been previously widely recognized though it should be noted that host preferences cannot be 376 determined with this data and a lack of evidence of a particular record does not indicate that such 377 a host association may not be uncovered in the future. All of our aggregated data is reported in 378 Table S1 with full references in Article S1. The number of species with associations with 379 amphibians (11), reptiles (30) and birds (46, or 32% of all Triatominae species) is higher than we 380 would have expected as these species tend to be thought of as minor hosts for Triatominae or 381 only primarily associated with certain species [54] . This discrepancy may reflect that these hosts 382 are not known to be able to harbor the T. cruzi pathogen [55, 56] There are 51 kissing bug species for which we were unable to find any records for sylvatic hosts. 393
The largest group with scarce host data are the Old World species including the genus 394
Linshcosteus, where associations with rats, birds, and humans have been recorded for T. 395 rubrofasciata and only humans for Triatoma cavernicola Else & Cheong. Species which have 396 been studied using DNA-based methods tend to have a broader range of known hosts thanspecies only investigated using associational and immunological approaches. For example, 398
Rhodnius pallescens Barber and T. gerstaeckeri have the broadest ranges of recorded host groups 399 (20 and 15 respectively, out of 26 groups recorded across all species) primarily because of single 400 studies focused on each of those species [49, 57] . Some species thought to have narrow host 401 ranges show some evidence, although mostly associational and rarely antibody-based, of also 402 feeding on additional hosts such as rodents for Cavernicola, normally thought to associate only 403 with bats, and both rodents and marsupials for Psammolestes, normally associated with birds. 404
There is no obvious host specificity of Triatominae clades and, overall, our review points 405 towards the generalist bent of all Triatominae species, perhaps influenced more by hosts present 406 in a habitat than innate preference towards certain groups of hosts. 407
Conclusion 408
We believe that DNA-based methods for determining host associations of blood-feeding 409 species offers the best route forward in understanding the biology and epidemiological 410 importance of these speciose group of vectors. While there may be bias in representation of 411 known vertebrates on public databases, these databases continue to encompass data for an ever 412 growing range of species. We recommend the deposition of sequences acquired from vertebrate 413 hosts of vectors into public databases even if their identity is not known at the time, not yet 414 routinely done, as the influx of known sequences may later shed light on their identity. While 415 DNA-based studies can suffer from primer specificity biases, rigorous testing of primers sets for 416 universality and specificity can minimize this possibility. We have shown that this method can 417 be used on archival specimens and we recommend future efforts using this relatively cheap, 418 efficient and effective method in order to better understand the habits of all species of these 419 vectors, particularly those that are less well studied. We found that 95% ethanol seemed topreserve DNA well enough for amplification of the 150 bp chunk of 12S rRNA using our 421 preferred set of primers (38). While we did achieve some results for specimens without 422 observable blood in the digestive tract, we had a much higher success rate for those with 423 observable blood and time and energy could be saved by not extracting DNA from the former 424 group of specimens. which gut extracts were assayed with primers for vertebrate host and trypanosome DNA. 602 Table S1 . 
